Journal  of  Power  Sources  196  (2011)  1915-1919 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


in 

SllbaidtS 


Short  communication 

Analysis  of  the  three-dimensional  microstructure  of  a  solid-oxide  fuel  cell  anode 
using  nano  X-ray  tomography 

Yong  Guanabl,  Wenjie  Lia  b  l,  Yunhui  Gongc,  Gang  Liuab,  Xiaobo  Zhang3, Jie  Chenab,  Jeff  Gelbd, 
Wenbing  Yund,  Ying  Xiongab,  Yangchao  Tianab*,  Haiqian  Wangc’** 

a  National  Synchrotron  Radiation  Laboratory,  University  of  Science  and  Technology  of  China,  Hefei,  Anhui  230029,  The  People’s  Republic  of  China 
b  School  of  Nuclear  Science  and  Technology,  University  of  Science  and  Technology  of  China,  Hefei,  Anhui  230029,  The  People’s  Republic  of  China 
c  Hefei  National  Laboratory  for  Physical  Sciences  at  Microscale,  University  of  Science  and  Technology  of  China,  Hefei,  Anhui  230026,  The  People’s  Republic  of  China 
d  Xradia  Inc.,  5052  Commercial  Circle,  Concord,  CA  94520,  USA 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  2  August  2010 

Received  in  revised  form  7  September  2010 

Accepted  20  September  2010 

Available  online  29  September  2010 


Keywords: 

Solid  oxide  fuel  cell 
Three-phase  boundary  length 
X-ray  computed  nanotomography 
Synchrotron  radiation 
Microstructure  analysis 


The  visualization  of  three-dimensional  (3D)  microstructures  of  solid  oxide  fuel  cells  helps  to  under¬ 
stand  the  efficiency  of  the  electrochemical  conversion  process,  study  the  device’s  reliability,  and  improve 
manufacturing  processes.  Here,  we  used  X-ray  nanotomography  to  investigate  a  porous  nickel-yttria- 
stabilized  zirconia  (Ni-YSZ)  composite  anode.  These  results  were  used  to  characterize  and  quantify  the 
key  structural  parameters,  such  as  the  volume  ratio  of  the  three  phases  (Ni,  YSZ,  and  pore),  connected 
porosity,  surface  area  of  each  phase,  interface  of  Ni/YSZ,  volume-specific  three-phase  boundary  length 
(TPB  where  the  Ni,  YSZ  and  fuel  gas  phases  come  together),  and  electrical  conductivity  of  the  anode. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  attracted  much  attention 
recently  because  of  their  high-energy  conversion  efficiency  [1], 
environmental  safety,  and  fuel  flexibility.  State-of-the-art  SOFC 
electrodes  are  typically  porous  materials  with  complicated  inter¬ 
nal  microstructures.  Knowing  their  internal  microstructures  is 
critical  for  studying  the  relationship  between  the  material  prop¬ 
erties  and  electrode  performance.  However,  various  technical 
challenges  make  it  difficult  to  obtain  3D  information  about  the 
manner  in  which  regions  are  interconnected  in  internal  space.  Cur¬ 
rent  analysis  techniques,  such  as  scanning  electron  microscopy 
(SEM)  and  transmission  electron  microscopy  (TEM),  can  only  pro¬ 
vide  two-dimensional  (2D)  or  limited  volume  characterization  of 
microstructures. 

Recent  advancements  in  microscopy  techniques  are  contribut¬ 
ing  to  the  feasibility  of  gaining  detailed  3D  structural  information 
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of  porous  electrodes.  A  combination  of  focused  ion  beam  (FIB)  and 
SEM  technologies  has  been  used  to  study  the  3D  microstructures 
of  SOFC  materials,  providing  some  important  parameters  such  as 
three-phase  boundary  (TPB)  length  and  gas-phase  tortuosity  [2-5]. 
Recently,  FIB  tomography  techniques  coupled  with  electrochemi¬ 
cal  simulation  have  also  been  used  to  analyze  a  solid  oxide  fuel  cell 
anode  [6]. 

X-ray  computed  nanotomography  (nano-CT)  is  a  widely  avail¬ 
able  technique  with  many  advantages.  The  best  resolution  ranges 
(20-50  nm)  are  available  in  many  facilities  [7-1 1  ],  providing  similar 
feature  detectability  to  SEM.  In  addition  to  high  spatial  resolution, 
the  penetrating  power  of  X-rays  enables  imaging  of  large  volumes. 
Moreover,  the  non-destructive  nature  of  X-rays  coupled  with  the 
operation  of  nano-CT  in  air  allow  for  the  possibility  of  in  situ  exper¬ 
iments.  Therefore,  nano-CT  has  been  applied  in  many  research 
areas  such  as  nanomaterials,  semiconductors,  environmental  sci¬ 
ences,  and  life  sciences  [8,10,12,13].  Izzo  et  al.  used  a  nano-CT 
technique  based  on  a  lab  source  to  image  the  3D  microstructure 
of  a  SOFC  anode  at  a  spatial  resolution  of  42.7  nm  without  physi¬ 
cally  removing  the  material,  and  then  validated  the  results  against 
direct-measurement  techniques  (e.g.,  mercury  intrusion  porosim- 
itry)  [14].  The  lab-based  nano-CT  technique  was  corroborated  by 
Shearing  et  al.  with  the  combined  FIB-SEM  approach,  demonstrat¬ 
ing  the  precision  of  the  nano-CT  results  over  a  large  volume  [15]. 
Recently,  this  approach  has  been  extended  to  synchrotron  radiation 
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Fig.  1.  The  SEM  of  the  Ni-YSZ  anode. 


and  a  tomographic  imaging  technique  combined  with  numerical 
models  to  study  the  phase  and  pore  networks  of  an  SOFC  anode 
[16]. 

2.  Materials  and  experiments 

In  this  study,  the  Ni-YSZ  anode  was  chosen  as  the  sample 
material.  Coarse  NiO  (nickel  carbonate  decomposed  at  600  °C, 
Sinopharm  Chemical  Reagent,  China)  and  YSZ  powders  (BQ-8Y, 
Jiaozuo  Weina  Fine  Ceramic,  China)  (NiO:YSZ  =  56:44  wt.%)  were 
used  to  fabricate  the  porous  substrate  supporting  the  anode  by 
tape-casting  processes.  The  anode  was  co-sintered  at  1400  °C  for 
5h,  then  heated  to  800  °C  and  finally  exposed  to  humidified  FI2 
(bubbled  through  water  at  room  temperature)  for  2  h.  The  surface 
morphology  of  the  anode  is  shown  in  the  SEM  image  (Fig.  1 ). 

The  nano-CT  experiments  were  performed  on  the  X-ray  micro¬ 
scope  beamline  U7A  of  the  National  Synchrotron  Radiation 
Laboratory  (NSRL)  in  Flefei,  China,  using  the  Xradia  nanoXCT-SlOO 
system  [17].  This  XCT  system  achieves  spatial  resolution  down  to 
50  nm  with  a  total  magnification  factor  of  880  onto  the  1  k  x  1  k 
Charge  Coupled  Device  (CCD).  A  section  of  the  sample  SOFC  mate¬ 
rial  was  polished  to  less  than  twenty  microns  and  then  glued  to  the 


Table  1 

Sizes  of  two  samples  and  voxel  size. 


X 

y 

z 

Sample  1 

Sample  dimension  (pm) 

5.3 

5.3 

7.1 

Sample  2 

Sample  dimension  (pm) 

5.4 

6.0 

8.0 

Voxel  size  (pm  x  pm  x  pm) 

0.0583 

0.0583 

0.0583 

top  of  a  tungsten  probe  tip  fixed  into  the  sample  holder,  allowing 
full  180°  rotation  for  CT  image  acquisition.  A  series  of  181  radio¬ 
graphs  was  collected  at  angles  ranging  from  -90°  to  +90°  in  1° 
intervals  and  then  reconstructed  into  a  3D  volume  using  Xradia’s 
reconstruction  software  [10].  In  this  study,  3D  volume  data  acqui¬ 
sition  by  nano  CT  was  carried  out  at  two  different  locations  of  an 
anode,  which  are  named  sample  1  and  sample  2. 

3.  Results  and  discussion 

Using  the  absorption  edge  spectroscopic  imaging  technique,  an 
element  can  be  identified  by  differences  in  absorption  intensities 
between  the  images  taken  above  and  below  the  absorption  edge  of 
the  element  under  investigation  [18].  Because  of  the  tunable  pho¬ 
ton  energy  of  the  synchrotron  source,  two  3D  scans  were  collected 
in  absorption-contrast  mode  below  (8300  eV)  and  above  (8380  eV) 
the  Ni  K-shell  absorption  edge.  Two  radiographs  of  the  sample 
1  taken  at  8300  eV  and  8380  eV  are  shown  in  Fig.  2a  and  b,  in 
which  darker  features  represent  regions  of  higher  X-ray  absorption. 
Because  the  contrast  of  Ni  at  8380  eV  was  higher  than  at  8300  eV, 
it  was  possible  to  determine  the  absolute  location  of  the  Ni  within 
the  3D  matrix  of  the  anode  by  comparing  the  difference  between 
the  reconstructed  volumes  from  these  radiographs.  The  other  two 
phases  could  also  be  identified  by  comparison  of  the  grey  levels  that 
did  not  change  significantly  over  the  80-eV  photon  energy  change. 

Because  the  shape  of  the  sample  was  irregular,  two  cuboids 
were  cropped  from  the  two  reconstructed  3D  volume  data  sepa¬ 
rately.  The  sizes  of  two  reconstructed  3D  volume  and  voxel  size  are 
summarized  in  Table  l.The  volume  data  then  were  segmented  into 
Ni,  YSZ,  and  pore  phases  based  on  their  grey  levels.  Fig.  3a  shows 
one  virtual  slice  from  the  cropped  cuboid  volume  of  sample  1,  and 
Fig.  3b  is  the  same  virtual  slice  from  the  segmented  volume.  The 
processed  3D  volume  of  sample  1  was  rendered  and  is  shown  in 
Fig.  4  (Ni  in  red,  YSZ  in  yellow,  and  pore  space  in  blue).  These  results 


Fig.  2.  2D  radiographs  of  the  anode  imaged  (a)  at  8300  eV  (below  the  K-absorption  edge  of  Ni)  and  (b)  at  8380  eV  (above  the  K-absorption  edge  of  Ni).  The  darker  pixels 
represent  regions  of  higher  X-ray  absorption.  The  region  with  a  strong  contrast  variation  (red  arrow)  is  the  Ni  phase;  the  region  with  a  moderate  grey  level  (green  arrow)  is 
the  YSZ  phase;  and  the  brightest  region  (blue  arrow)  is  the  pore  space.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  the  article.) 
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Fig.  3.  (a)  A  virtual  slice  of  sample  1,  where  white  is  the  Ni  phase,  grey  is  the  YSZ  phase,  and  black  is  the  pore  space,  (b)  The  same  virtual  slice  after  segmentation. 


were  subsequently  used  for  quantitative  analysis,  as  detailed  in  the 
following  sections. 

Below  a  certain  volume  size,  the  calculated  porosity  of  the 
sample  would  fluctuate  due  to  local  structural  effects  and  is  not  rep¬ 
resentative  of  the  entire  SOFC  anode.  To  determine  the  minimum 
representative  volume  for  analysis,  an  “expansion  method”  was 
developed.  One  vertex  of  the  reconstructed  volume  was  selected 
arbitrarily  as  the  starting  point.  A  number  of  sub-volumes  that 
use  the  starting  point  as  their  common  vertex  were  obtained  by 
increasing  the  side  length  of  the  cube  in  x,  y,  and  z  directions. 
Simultaneously,  the  porosity  of  each  cubical  volume  was  calculated. 
Fig.  5  shows  the  cube  size  dependent  of  the  calculated  porosity  of 
samples  1  and  2.  The  porosity  fluctuations  of  both  samples  sta¬ 
bilized  and  the  two  curves  coincided  when  the  size  of  the  cube 
was  more  than  4.6  [xm  (approximately  80  voxels).  Thus,  the  two 
reconstructed  volume  could  be  representative  of  the  whole  anode. 

The  volume  fraction  of  each  phase  was  calculated  by  dividing 
the  sum  of  the  number  of  voxels  assigned  to  that  phase  by  the 
total  image  volume,  and  Table  2  shows  the  obtained  results  for  the 
two  samples.  The  initial  volume  ratio  of  NiO:YSZ  powder  in  fab¬ 
ricating  the  anode  was  56:44,  which  corresponded  to  the  Ni:YSZ 
volume  ratio  of  40.6:59.4  after  NiO  was  reduced  to  Ni.  This  Ni:YSZ 


Fig.  4.  A  3D  rendering  of  sample  1,  where  Ni,  YSZ  and  the  pore  phase  are  indicated 
in  red,  yellow,  and  blue,  respectively.  (For  interpretation  of  the  references  to  color 
in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 


Table  2 

Summary  of  microstructural  parameters  measured  from  3D  reconstructions  of  sam¬ 
ples  1  and  2. 


Sample  1 

Sample  2 

Volume  fractions  of  Ni  (%) 

23.2 

24.0 

Volume  fractions  of  YSZ  (%) 

35.8 

35.6 

Volume  fractions  of  pore  (%) 

41.0 

40.4 

Surface  area/volume  of  Ni  (parr1 ) 

1.7 

1.6 

Surface  area/volume  of  YSZ  (parr1 ) 

4.1 

3.9 

Surface  area/volume  of  pore  (p.irr1 ) 

3.6 

3.7 

Interface  area/volume  of  Ni/YSZ  (p,m_1 ) 

1.2 

0.9 

Connected  porosity  (%) 

40.7 

40.0 

Average  Ni  diameter  (nm) 

820 

900 

Average  YSZ  diameter  (nm) 

520 

550 

Average  pore  diameter  (nm) 

680 

650 

TPB  length  (mem-3) 

4.44  x  106 

3.10  x  106 

Conductivity  (S  cm-1 ) 

188.99-502.74 

233.10-597.07 

volume  ratio  was  very  close  to  the  calculated  values  from  the  3D 
reconstruction  of  39:61  and  40.3:59.7  for  the  two  samples,  demon¬ 
strating  good  agreement  between  the  3D-reconstruction-yielded 
results  and  the  stoichiometry  of  the  anode.  This  agreement  not  only 
indicated  that  the  three  phases  were  well  distinguished  but  also 
validated  image  segmentation  based  on  the  spectroscopic  study. 

Connected  porosity  is  the  ratio  of  the  connected  pore  volume 
to  the  total  pore  volume.  We  developed  a  method  similar  to  the 


Fig.  5.  Chart  of  the  measured  porosity  of  samples  1  and  2  as  a  function  of  the  cube 
size.  From  these  results,  the  minimum  representative  volume  was  determined  to  be 
~80  voxels  per  size  (~4.6  p,m). 
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Fig.  6.  Conceptual  representation  of  the  phase  surface/interface  and  TPB.  The  cubes 
represent  the  voxels  use  for  3D  reconstruction.  The  surfaces  of  the  specific  phases 
(such  as  Ni  or  pore)  and  the  interface  of  Ni  and  YSZ  are  indicated.  The  TPB  (green  line) 
is  the  common  edge  of  the  three  different  elemental  phases.  (For  interpretation  of 
the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version 
of  the  article.) 


“burning”  method  [19,20]  to  calculate  the  connected  porosity.  One 
side  of  the  3D  volume  was  defined  as  the  input  end  and  the  oppo¬ 
site  side  was  defined  as  the  output  end.  First,  the  pore  voxels  at  the 
input  end  were  chosen  as  the  starting  point.  Any  pore  voxel  that 
touched  these  voxels  was  set  to  the  same  label.  From  the  input  end 
to  the  output  end,  the  labeled  voxels  formed  a  spanning  cluster. 
From  the  output  end  to  the  input  end,  another  spanning  cluster 
was  also  formed  with  the  same  method.  By  comparing  these  two 
spanning  clusters,  the  overlapped  regions  could  be  identified  as 
the  connected  pores,  whereas  the  rest  were  disconnected  pores. 
Finally,  the  connected  porosity  was  calculated  by  dividing  the  sum 
of  the  number  of  voxels  assigned  to  the  contiguous  pore  phase  by 
the  total  pore  volume.  The  connected  porosity  of  samples  1  and  2 
was  calculated  and  listed  in  Table  2.  Their  difference  was  less  than 
2%,  which  demonstrated  the  validation  of  using  the  non  destructive 
nano  CT  to  analyze  the  electrode.  The  volume  fractions  of  uncon¬ 
nected  pores  were  0.3%  and  0.4%  for  samples  1  and  2,  respectively. 
These  unconnected  pores  are  almost  isolated  in  the  3D  microstruc¬ 
ture  and  thus  do  not  contribute  to  gas  transport.  This  information 
could  be  used  to  optimize  the  fabrication  of  the  SOFC  anode  to 
improve  the  transportation  of  gas  inside,  which  may  improve  the 
conversion  efficiency. 

Other  parameters  that  can  affect  the  anodic  reaction,  such  as 
the  surface  area  of  each  phase  and  the  Ni/YSZ  interface  [21,22], 
were  also  obtained.  Understanding  the  interface/surface  area  of 
each  phase  is  helpful  towards  elucidating  the  electrochemical  reac¬ 
tion  mechanism  and  rate.  First,  three  labels  (Ni,  YSZ,  or  pore)  were 
assigned  to  the  voxels  in  a  3D  processed  volume.  As  shown  in  Fig.  6, 
if  a  couple  of  neighboring  voxels  included  two  different  labels,  an 
interface  of  two  phases  or  a  surface  of  a  specific  phase  was  iden¬ 
tified.  By  using  a  traversal  method  through  the  whole  volume,  the 


sum  of  the  interface/surface  could  be  achieved.  As  an  approxima¬ 
tion,  each  detected  interface/surface  contributed  an  area  of  about 
58.3  x  58.3  nm2  to  the  interface/surface  area.  Therefore,  the  inter¬ 
face  area  of  Ni  and  YSZ  and  the  surface  area  of  each  phase  can  be 
exactly  calculated.  Table  2  summarizes  the  surface  area/volume  of 
each  phase  and  Ni/YSZ  interface  area  of  both  samples.  Comparing 
the  surface  or  interface  area  values  of  samples  1  and  2,  the  variation 
in  the  two  sets  of  values  was  still  within  the  acceptable  range.  These 
abovementioned  quantitative  data  will  be  used  latter  to  analyze  the 
performance  of  the  electrochemical  reaction  in  the  anode. 

The  Brunauer-Emmett-Teller  (BET)  formula  d  =  6V/S  [23,24] 
was  utilized  to  calculate  the  particle/pore  size,  where  d,  V,  and  S  are 
average  size,  volume  and  surface  area,  respectively.  Table  2  shows 
the  average  diameters  of  Ni,  YSZ  and  pore  phase.  Then  the  resolu¬ 
tion  of  the  system  divided  by  the  average  diameters  of  three  phases 
gave  the  expected  errors  of  the  particle  sizes  in  each  constituent, 
which  were  estimated  to  be  6.1%,  9.6%  and  7.3%  for  the  Ni,  YSZ 
and  pore  phases  of  sample  1  and  5.5%,  9.0%  and  7.7%  of  sample  2, 
respectively. 

The  electrochemical  reaction  only  occurs  at  the  TPB,  and  the 
electrochemical  activity  of  Ni-YSZ  anodes  for  the  H2  oxidation  reac¬ 
tion  is  correlated  to  the  TPB  length  [25].  The  efficiency  of  the  SOFC 
device  improved  with  increasing  TPB  length,  which  can  lead  to  the 
reduction  of  polarization  losses  [26,27].  A  MATLAB  program  was 
developed  at  NSRL  to  quantitatively  analyze  the  distribution  of  TPB 
and  measure  the  TPB  length  of  the  anode.  As  presented  above,  if  the 
neighboring  four  voxels  in  the  labeled  3D  volume  had  three  differ¬ 
ent  labels,  the  common  edge  of  the  three  voxels  was  marked  as  TPB, 
as  shown  in  Fig.  6.  The  TPB  of  the  entire  volume  was  obtained  by 
applying  this  valuation  separately  to  all  virtual  slices  in  the  three 
directions  x,y,  and  z.  Fig.  7  shows  the  spatial  distribution  of  TPBs  of 
sample  1  and  sample  2,  which  appeared  to  be  asymmetrical  within 
the  analyzed  sub-volume.  According  to  the  size  of  the  voxel,  the 
calculated  volume-specific  TPB  length  (vltpb)  of  the  two  samples  in 
Table  2  were  consistent  with  the  evaluation  of  vLtpb  based  on  FIB- 
SEM  tomography  by  Wilson  et  al.  [5]  and  the  results  from  model 
calculation  by  Janardhanan  et  al.  [28]. 

Previous  studies  have  shown  that  the  volume  fraction  of  the  Ni 
phase  can  influence  the  value  of  the  electrical  conductivity,  cor¬ 
responding  to  a  change  in  the  electronic  conduction  mechanism 
through  the  metal  phase  [29].  In  addition,  a  critical  volume  per¬ 
cent  (percolation  value)  for  the  nickel  phase  leads  to  insulativity 
once  the  Ni  content  is  under  the  percolation  value.  If  the  Ni  con¬ 
tent  is  too  high,  cermet  structure  instability  may  occur.  Therefore, 
knowing  the  appropriate  Ni  content  is  essential  for  balancing  the 
high  electrical  conductivity  with  the  cermet  structure  stability.  An 
expression  based  on  the  percolation  theory  developed  by  McLach- 
lan  can  be  used  to  roughly  estimate  the  electrical  conductivities  of 


(a) 

(b) 

6.0  jim 

5.3  jim 

5.4  jim  8.0  jim 

5.3  jim 

7.1  nm 

Fig.  7.  The  3D  distribution  of  the  anode  TPB.  (a)  The  TPB  of  samplel.  (b)  The  TPB  of  sample  2. 
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the  composite  [30,31]. 

„  „  (V. nx-Vcf  m 

where  crCl  crNi,  VNi,  Vc,  and  t  are  the  electrical  conductivities  of 
the  composite  and  nickel  phase,  the  volume  percent  and  critical 
volume  percent  of  nickel  (with  Vc  and  VNi  expressed  based  on 
the  entire  composite  volume),  critical  volume  percent  of  nickel, 
and  the  conductivity  exponent,  respectively.  The  electrical  con¬ 
ductivity  of  nickel  (crNi)  is  25,700  S  cm-1  at  800  °C  [32],  the  critical 
volume  percent  of  Ni  is  reported  to  be  16%  [31  ],  and  the  values  of 
the  conductivity  critical  exponents  of  the  percolation  system  are 
considered  to  be  universal  (t^  1. 6-2.0)  in  three-dimensional  cases 
based  on  the  renormalization  group  theory  [33].  The  VNi  was  the 
only  parameter  to  be  determined,  which  was  measured  from  the 
3D  nano-CT  anode  data  as  VNi  =  23.2%  and  24%  for  samples  1  and 
2,  respectively.  Combining  all  of  the  above  data  and  using  Eq.  (1), 
the  electrical  conductivities  of  samples  1  and  2  were  calculated 
(Table  2).  It  was  found  that  the  calculated  electrical  conductivities 
depended  greatly  on  the  Ni  content.  For  validation  of  these  results, 
we  determined  the  electrical  conductivity  of  the  whole  anode  at 
800  °C  by  four-electrode  I-V  measurement.  This  result  indicated 
an  electrical  conductivity  of  607.74  S  cm-1 ,  which  was  close  to  the 
calculated  result.  These  results  demonstrated  the  potential  of  X- 
ray  nanotomography  to  optimize  the  SOFC  model  by  studying  the 
relationship  between  the  Ni  volume  fraction  and  the  electrical  per¬ 
formance  of  the  SOFC  anode. 

4.  Conclusion 

The  3D  microstructure  of  a  SOFC  anode  was  successfully  char¬ 
acterized  with  X-ray  nanotomography.  Using  an  X-ray  absorption 
spectroscopic  technique,  the  3D  volume  was  segmented  and  then 
used  to  calculate  several  key  parameters,  such  as  volume  fraction, 
surface  area,  three-phase  boundary  length,  and  electrical  conduc¬ 
tivity.  These  calculated  parameters  are  critical  for  understanding 
the  electrochemical  conversion  efficiency,  studying  the  electrode 
reliability,  and  improving  manufacturing  processes. 

At  present,  the  major  drawback  of  the  X-ray  nanotomography  is 
that  the  whole  electrode  could  not  be  imaged  because  of  the  limita¬ 
tion  of  imaging  method;  instead,  different  regions  of  the  anode  have 
to  be  selectively  imaged  to  represent  the  entire  electrode.  Although 
it  is  proved  that  this  method  is  viable,  the  large  field  of  view  (LFOV) 
technology  is  needed  to  study  large  enough  regions  of  the  electrode. 
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